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Fifteen explorers approach Mars in the Deep Space Habitat. Composed of three Interplanetary Vehicles docked together, the Habitat spins 
at 3 revolutions per minute to induce Mars-level gravity. Preparations for the first Mars expedition will actually begin in Earth orbit a decade 
before departure with research, development, and final assembly of the expedition spacecraft. Art: Carter B. Emmart 


Earth Orbital Facilities to Support Mars Expeditions 
Part 1 


Editor’s Note: This is the report of a workshop held at the Case for Mars III Conference in July 1987 to define the 
facilities required in Earth orbit to prepare for sending the first people to Mars and to assemble all departing expedition 
spacecraft. The workshop began with the premise of assuring a sustained human presence on Mars beginning with the first 
expedition. This premise was developed at the first and second Case for Mars conferences, held in 1981 and 198 ear 

The 1987 conference was held at the University of Colorado in Boulder and co-sponsored by the World Space 
Foundation. Sponsors included the American Astronautical Society, Jet Propulsion Laboratory, Los Alamos National 
Laboratory, the National Aeronautics and Space Administration (Ames Research Center, Johnson Space Center, Marshall 
Space Flight Center), and The Planetary Society. 

Because of its length, this report is published in two parts. This part provides an introduction, summarizes the underlying 
Case for Mars expedition scenario, and describes preparations for the first Mars expedition which will need to take place on 

€) the ground and aboard the NASA/International Space Station. Part 2 concludes the report and describes the Variable 
Gravity Research Station and the Assembly Dock. 


Earth Orbital Facilities to Support Mars Expeditions 


Introduction 

A great deal of activity will be required in Earth 
orbit beginning a decade prior to launching the first 
expedition crews on their way to Mars. This pre-mis- 
sion activity may be divided into three categories: 1) 
Technology research to investigate and select the most 
promising new techniques required to safely take a 
crew to Mars and return them after an extended period 
of time; 2) Technology development of specific equip- 
ment and procedures to be used during all phases of the 
mission; and 3) Major functions dedicated exclusively to 
the Mars expeditions and their buildup. Participants in 
the Earth Orbital Facilities Workshop defined a 
scenario where these three kinds of activity are per- 
formed in four locations: on the ground, at the 
NASA/International Space Station (referred to simply 
as the Space Station), aboard a Variable Gravity 
Research Station (Gravistation), and at an orbiting 
Assembly Dock. 


Technology research for the first Mars expedition‘ 
is particularly important in the areas of spacecraft com- 
ponent lifetime and reliability, artificial gravity 
parameters, and medical procedures. Shorter lead 
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Figure 2. Three sets of expedition spacecraft are required to 
send an expedition crew to Mars at every launch opportunity. 
The first returns just prior to the departure of the third, but time 
is required for refurbishment. On the scale of relative years at 
the top, the first expedition departs at the start of year 1, noted 
by the beginning of the “outbound” bar for the first set of 
expedition spacecraft. That crew returns at the start of year 6, 
noted by the end of the “inbound” bar for second set of 
expedition spacecraft. Illustration courtesy JPL. 
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times may be practical if the first crew’s time away from 
Earth can be reduced from the five-year period deter- 
mined in the Case for Mars scenario, or if the crew is 
willing to depart with only partial answers to some criti- 
cal questions such as the level of artificial gravity which 
is adequate to sustain bone and cardiovascular health 
for a safe return to Earth’s level of gravity. 

The Space Station can play an important precursor 
role in preparing for the first Mars expeditions. 
However, the level of activity required to build up and 
check out departing expedition spacecraft is much too 
great to be performed aboard the planned Station 
alongside other unrelated activities. 


The rotating Gravistation is required to verify that 
Mars-level gravity (38% of Earth’s gravity) is survivable 
over long periods of time, and to determine what level 
of artificial gravity and associated spacecraft rotation 
rate and radius is sufficient to comfortably protect the 
crew from body deterioration during interplanetary 
flight. In order to fully certify the Mars expedition 
spacecraft and many of its components, different crews 
will have to spend multi-month periods aboard the 
Gravistation. This station could be in any orbit, and has 
been suggested as an international facility, perhaps co- 
orbiting with the Soviet Mir space station” 

All expedition spacecraft buildup, checkout, refur- 
bishment, and propellant storage is performed at the 
Assembly Dock with a dedicated crew. It would be 
most appropriately placed in the same orbit as the 
NASA/International Space Station. 


Background 

The charter of the workshop reported here was to 
“define the facilities required in Earth orbit to prepare 
for and assemble spacecraft for a sustained presence on 
Mars beginning with the first expedition.” Most impor- 
tant to the design of these facilities was the decision to 
base the whole expedition on a sustained human 
presence on Mars beginning with touchdown of the first 
expedition. This very ambitious objective propagates 
through the entire mission design. 

(The original Case for Mars organizers and par- 
ticipants are motivated by a desire to see the first mar- 
tian explorers establish a “beachhead” for all those who 
follow. The cost and difficulty of going to Mars are so 
great that it would seem incredibly wasteful to go and 
simply return after a short stay. After such a one-shot 
mission, the public and politicians who supported the 


first expedition might lose interest and not return for 
decades, just as with the United States and the Moon.) 

Keeping a crew on Mars at all times implies send- 
ing a new crew at every ballistic launch opportunity 
when departures require the least propulsive energy. 
These opportunities occur approximately every 26 
months, dictated by the orbits of Earth and Mars. At 
each opportunity, five crewmembers depart in each of 
three Interplanetary Vehicles (IPVs). Each IPV is 
designed as an independent spacecraft capable of com- 
pleting the mission with its own crew, but in fact the 
three IPVs are intended to link together in an equi- 
lateral “Y” shape so they can spin like a Frisbee’ to 
induce artificial gravity. 

Each IPV departs Earth orbit powered by a trans- 
Mars injection stage (TMIS) using hydrogen and 
oxygen propellants in two Space Shuttle main engines 
(Figure 4). Prior to departure, each Interplanetary 
Vehicle is mated to its injection stage and loaded 
with propellant at the Assembly Dock in Earth i 
orbit. 

Within a few days after leaving Earth, the 
three IPVs rendezvous and link up. Afterwards, 
small engines are fired to begin their 3 rpm 
(revolution per minute) spin inducing Mars-level 
gravity. The fifteen crewmembers can move 
among the three “arms” of the spinning Deep 
Space Habitat. 

Slung under each arm of the Habitat is a 
Mars Shuttle designed to carry all five crewmem- 
bers to a precision landing on the martian sur- 
face. During cruise to and from Mars, each 
Shuttle is docked so that its crew compartment is 
surrounded by propellant tanks and IPV struc- 
ture affording the crew a “storm shelter” with 
sufficient protection from major solar flares. 

The Habitat is configured so that if there is a 
catastrophic failure of one of the IPVs making up 
an arm, all crewmembers can transfer to the 
remaining two IPVs. Then the failed IPV can be 
detached and the other two IPVs re-docked and 
re-spun to complete the mission. Each IPV and 
each Mars Shuttle is designed to carry five 
people normally, but can handle ten as a contin- 
gency. 

A week or so before the Habitat gets to 
Mars, itis de-spun using its rockets. Each IPV 
crew gets into its Mars Shuttle, which is shaped 
like a bent cone for optimum aerodynamic per- 
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brake into orbit. From orbit, a final landing site is 
selected. Like the Viking landers, the Mars Shuttles 
first brake using their aeroshells, and then deploy 
parachutes to slow their descent further. Because 
Mars’ atmosphere is much thinner than Earth’s, rockets 
must be used for the final descent to a soft landing. 
Meanwhile, the Habitat, with no crew aboard, fires 
its engines briefly while flying past Mars. It does not go 
into orbit, but instead is aimed on a trajectory which 
will take it back to Earth in 20 to 30 months.’ On the 
first expedition the entire crew will land on Mars, with 
the Habitat returning to Earth under remote control. 
On subsequent missions, when there is a crew waiting to 
return from Mars, they ride back to Mars orbit in the 
same Shuttles which brought them to Mars. The 
Habitat which will take them home drops off another 
crew in Mars Shuttles before its closest approach to 
Mars. At about the time of its closest approach, the 


a 
/ 
3 yh 
@3) 5 7 
Vf 
ok ae 


smne QO. ; te 


formance and controllability when entering Mars’ 
atmosphere at high speed. With a dramatic 
saving of propellant, the Mars Shuttles dip into 
the upper martian atmosphere, using the drag to 


Figure 3. Interplanetary Vehicles (IPVs) are assembled in low Earth orbit (LEO) 
and launched toward Mars. Three launched at the same time then dock to form 
the spinning Habitat, which carries expedition crews to and from Mars. Crews 
transfer between the IPV and Mars in the conical Mars Shuttles. Illustration by 
Carter B. Emmart. 


return crew waiting in Mars orbit fires the engines on its 
fleet of two or three Mars Shuttles, which in a day or 
two catch up with the Habitat on its way back to Earth. 
They dock with the Habitat, go aboard and live there 
for the return journey. In order to build up the crew 
complement at the Mars base, not all of the explorers 
may return at their first opportunity, though two Mars 
Shuttles can return all fifteen people brought on the 
prior expedition to the Earth-bound Habitat. 


While on Mars, the explorers’ first priority is to set 
up a propellant manufacturing plant. Using heat and 
electricity, atmospheric carbon dioxide is compressed 
and then electrolyzed to split it into carbon monoxide 
and oxygen, the propellants used in the Mars Shuttle’s 
engines. This propellant combination does not provide 
high performance by terrestrial standards, but it is easi- 
ly extracted from the martian atmosphere with well-un- 
derstood and easy-to-test equipment which consumes a 
reasonable amount of power. Higher energy propel- 
lants will undoubtedly be available after explorers gain 
more experience on Mars, but for the first expeditions, 
it makes sense to rely on simple equipment and be able 
to land anywhere’. 


Crews returning to Earth aboard the Habitat keep 
their Mars Shuttles with them. The Habitat is spun up 
for the long return journey, and then de-spun before 
arriving at Earth. Just prior to arrival, each crew gets in 
its Mars Shuttle one more time, makes a small 
maneuver, and uses the Shuttle to brake into Earth 
orbit. They maneuver to rendezvous with the Space 
Station, where they dock, disembark, and return to 
Earth’s surface aboard the first available transportation. 
Without a crew, the IPVs use their aerobrake to make 
many passes through the Earth’s upper atmosphere, 
finally reaching low Earth orbit for refurbishment and 
reuse. 


No person has spent more than about eight months 
in the microgravity’ of Earth orbit. Soviet cosmonauts 
returning after such periods are thought to have 
experienced noticeable loss of bone structure through 
demineralization, and their cardiovascular condition 
requires several days to recover. Though all have 
recovered, several have been carried from their landers 
on stretchers! This is not the condition in which one 
would like to arrive at Mars. Longer periods of essen- 
tially zero gravity during the return cruise from Mars 
might prove fatal upon return to Earth, or even during 
the high-g aerobraking maneuver into Earth orbit. 

Pharmaceutical or exercise countermeasures may 
prove acceptable during research over the next few 
years, obviating the need for artificial gravity and its 
heavier, more complex rotating structures!’!!, For 
now, the safe assumption is that artificial gravity is a 


life-critical function during extended interplanetary 
flight. 

The scenario for preparations in Earth orbit which 
follows is based on number of assumptions implied by 
the description. For example, the NASA Space Shuttle 
or another crew transfer vehicle (such as a Spaceplane) 
is assumed to be available. While the actual techniques 
employed may differ from those described here, going 
to Mars need not rely on any _ technological 
breakthroughs. Cost estimates for the first Mars 
expedition indicate that it will cost less than the Apollo 


Figure 4. Two Interplanetary Vehicles (IPVs) depart 
simultaneously from Earth orbit in this view from the third. The 
trans-Mars injection stage (TMIS) tankage and engines are 
wrapped around the “upper” boom of each IPV, then are 
jettisoned after burnout. Curved shields at the front serve as 
aerobrakes to ease each IPV down to low Earth orbit at the end 
of each mission. The Moon is in the background. Art: Carter B. 
Emmart 


program, in adjusted dollars'”. Put another way, 
mounting the first Mars expedition might cost 
Americans $200.00 apiece over 10 years, or less if per- 
formed with other nations. 


Ground Functions 

Most of the research, development, fabrication and 
mission control for a Mars expedition will be performed 
on the ground. Ground activities which support the 
Mars expedition itself, but not the research, develop- 


ment, or buildup activities in Earth orbit, are not dis- 
cussed in this section, nor are the “obvious” functions 
like design, evaluation and fabrication of the orbital 
facilities. 

Ground-based technology research is concentrated 
in areas necessitated by the presence of a crew. Once 
on the way to Mars, each crewmember is committed to 
about five years away from home, family, medical 
facilities, and even casual conversations with friends on 
Earth. This sort of isolation is not unprecedented in the 
history of exploration, but is new to space exploration. 


Obviously a whole hospital cannot be brought to 
Mars, and crewmembers will accept the inherent risks, 
just as do mountaineers or researchers wintering over in 
Antarctica. It will be practical to carry a broad 
spectrum of medical capabilities, however, including 
one or more physicians among the crew, as well as some 
basic equipment and storable drugs. Treatable medical 
problems will be determined on the ground, with proce- 
dures and equipment tested in orbit. 


Ionizing radiation from cosmic rays and solar flares 
contribute special problems not present even in low 
Earth orbit. Procedures will need to be developed for 
flare prediction, radiation monitoring, operating out of 
the “storm shelters” provided by the Mars Shuttles, and 
if possible for reducing the long term affects of high 
energy cosmic rays for which shielding is impractical. 

Crewmembers’ psyches will require as much atten- 
tion as their bodies. Many of the isolation effects can 
be simulated on the ground. Television news and enter- 
tainment, the latest music, and electronic mail will all be 
available to the crew, but delays of up to 15 minutes 
each way will prevent simple interactive conversations 
with people at home. The crew will become its own 
small interdependent community with likes and dislikes, 
discomfort and joy. Design of their living quarters must 
take extra account of these human factors, permitting 
privacy, group interaction, and accommodation of 
change. 

Rotating living quarters will need to be built and 
operated to ascertain acceptable levels of rotation rate 
and other parameters ~. 

Finally, research is required in the area of quaran- 
tine protocol in the event that non-terrestrial life is dis- 
covered on Mars. Any quarantine would presumably 
involve isolation and research facilities in Earth orbit to 
assure that the crew could safely be reintroduced to the 
Earth’s population. 

Applied research as described above will lead to 
specific technology development for the Mars expedi- 
tions. All of the various spacecraft systems will need to 
be developed on the ground or adopted from existing 


programs, especially the Space Station. Some depar- 
tures from this course will be required, especially where 
equipment is sensitive to g-level. Equipment aboard 
the Habitat must operate in both microgravity and 
Mars-level gravity. 

Life support technology will require major develop- 
ment. On Mars, the systems may be semi-closed, rely- 
ing on atmospheric carbon dioxide for plant growth and 
as a source for some oxygen as a byproduct of propel- 
lant manufacturing. On the Habitat, the systems must 
either be closed or carry substantial supplies. 


Everything which needs to be assembled in orbit 
should be optimized for rapid assembly and automated 
checkout. Modular designs throughout all the 
spacecraft will be required to keep spares inventories 
manageable and to assure that a modest set of tools and 
procedures will suffice for the crew to keep everything 
running smoothly. Their lives will depend on their 
ability to service critical equipment quickly with the 
tools they have on hand. Many of these procedures will 
need to be verified under realistic conditions on the 
ground and in orbit. 

To hasten accurate spacecraft assembly in orbit, 
there will probably be many applications of advanced 
automation and robotics which will need to be 
developed and tested on the ground, and then aboard 
the Space Station. 


Some surface equipment will be powered by small 
radioisotope thermoelectric generators (RTGs), while 
the base powerplants will be small nuclear reactors. 
Therefore, nuclear materials handling procedures will 
need to be developed. (The reactors will not be started 
until they are set up on Mars, and so will be relatively 
benign during handling on the ground and in orbit. 
Before starting, RTGs may have more stringent han- 
dling requirements than the reactors because of the 
isotopes involved.) 

Three major functions will be performed on the 
ground. There will be a “mission” control dedicated to 
Mars development and buildup in Earth orbit. One re- 
search-oriented mission operations center will 
presumably be operated for the Gravistation. Another 
mission control center will be dedicated to the Assemb- 
ly Dock, with tight procedures and must-meet 
schedules. Logistical support for all the Mars-related 
activity in orbit will also need to be provided in close 
conjunction with mission control. Flight-ready equip- 
ment will be warehoused at the launch site. 

Crew training will begin years before the first 
expedition departs. In addition to the expedition crew 
of fifteen, perhaps three times as many people will work 
in space for various periods as research specialists 
aboard the Space Station, as Gravistation test subjects, 


and as assembly crewmembers aboard the Assembly 
Dock. 


Space Station Functions 

For the ambitious mission scenario envisaged in the 
Case for Mars framework, the activities required to 
almost continuously build up and launch the Inter- 
planetary and Cargo Vehicles to Mars were found to be 
too large-scale and disruptive to be performed aboard a 
Space Station designed for other purposes. However, 
prior to assembling actual departure spacecraft, there is 
a great deal of preparatory work which needs to be per- 
formed in low Earth orbit. The planned NASA/Inter- 
national Space Station is a suitable facility at which to 
perform preparatory activities that do not require artifi- 
cial gravity. 

It is assumed that one or more automated planetary 
exploration missions will have been assembled at the 
Space Station, perhaps as early as 1998. Staging from 
the Space Station offers significant increases in the 
spacecraft mass (along with added complexity) which 
can be launched to Mars and other destinations’. 

Much of the technology research to be performed 
aboard the Station is related to the crew. While this 
expedition scenario assumes the need for artificial 
gravity during interplanetary cruise, the crews may 
spend long periods of time in microgravity. Therefore, 
microgravity physiology becomes an important research 
area in support of Mars exploration. 

If appropriate countermeasures can be demon- 
strated to deal with microgravity for up to two years, 
then the mass, complexity and cost of the Interplanetary 
Vehicle can be reduced'®, The potential for saving by 
eliminating the artificial gravity requirement altogether 
is worth an aggressive research program utilizing the 
Space Station. 

Complex mathematical models of rotating struc- 
tures and their control will be utilized on the ground, 
but some concepts will require testing and verification 
in orbit. During assembly and checkout of the various 
expedition vehicles, there will be problems associated 
with the generation or influence of contamination. 
Much will be learned in the course of normal Station 
operations about the causes and effects of outgassing, 
liquid spills, paint flaking and related phenomena. 
Likewise, orbital debris will present a threat!”!® which 
will be characterized during Station-borne research. 

Many technology development activities will follow 
technology research at the Station. A major effort will 
be needed for super-cold propellant (cryogen) handling 
and storage. Liquid hydrogen and oxygen are required 
for the trans-Mars injection stage; other propellants 


would require that much greater masses be launched 
into Earth orbit. Liquid hydrogen is difficult to make 
on the ground, and has never been stored in large quan- 
tities in orbit for more than a day. Liquid oxygen is less 
difficult to store, but in both cases the difficulty of keep- 
ing them cold or of re-liquefying the boiloff gasses is 
non-trivial. The transfer of these cryogens between 
tanks may or may not be required, but transfer techni- 
ques should be developed to give flexibility to mission 
designers. Clearly, many other applications, such as 
operating spacecraft to and from the Moon and high 
Earth orbit, could benefit from proven cryogen han- 
dling techniques. 

Assembly and checkout of the Mars expedition 
craft will require a crew of perhaps six or more highly 
trained people. This number might be reduced through 
use of advanced automation and robotics. NASA 
already plans a significant robotic development effort 
involving the Station, a portion of which could be 
directed toward the needs of Mars vehicle assembly. 
Repair robots and other automation techniques might 
reduce the likelihood of needing to send space-suited 
crewmembers outside to and from Mars to repair the 
Deep Space Habitat. 


Solar-driven electrical generators for the IPV will 
need to operate in artificial and microgravity, and will 
therefore require testing in orbit. 

The entire expedition concept depends on use of 
the Mars Shuttles employing aerocapture. Maneuvers 
at both Mars and Earth require flight through the upper 
atmosphere to brake into orbit or land. At least one 
prototype vehicle will need to be tested, and such a test 
vehicle can probably be based to best advantage at the 
Space Station. 

A space station is critical for three major functions 
associated with the Mars expeditions. The first is life 
science research and development. Work at NASA’s 
Langley Research Center’? indicated that to perform 
the necessary work aboard the planned Station 
alongside other unrelated activities already anticipated 
for the Station might require the following additional 
resources: two life sciences laboratory modules, a 
“pocket lab” about half the size of a Space Station com- 
mon module to house a four-meter animal centrifuge, 
four crewmembers, and 20 kilowatts of electrical power. 
While this work would have a significant impact on the 
Station, the Station design deliberately allows for the 
addition of modules, crewmembers, power and other 
resources. 

The second major function is the test and qualifica- 
tion of Station-derived components for the Mars-bound 
spacecraft. Any early launch of the first expedition 
precludes the development and necessary lifetime 


qualification of newly designed hardware. Expedition 
crewmembers’ lives will be dependent on hardware 
reliability and their ability to make repairs. Some 
hardware will need to operate for up to three years, and 
the needed confidence cannot be established without 
extensive life testing in the micro- and partial-gravity 
environments. 

Quarantine is the third major function which may 
need to be performed at the Space Station. Unlike 
Apollo, the availability of an orbiting Station provides 
the option for absolute quarantine from the biosphere 
in the remote event that the crew is found to harbor 
some “Andromeda Strain””” organism. Upon return to 
Earth orbit, the crew could be confined to one or more 
isolation modules aboard the Station while tests are 
performed on a variety of terrestrial organisms brought 
to the Station. 


to be continued in the next issue 


Robert L. Staehle 
President 
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